Starch-branching enzyme catalyzes the cleavage of α-1, 4-linkages and the subsequent transfer of α-1,4 glucan to form an α-1,6 branch point in amylopectin. Sequence analysis of the rice-branching enzyme I (BEI) indicated a modular structure in which the central α-amylase domain is flanked on each side by the N-terminal carbohydrate-binding module 48 and the α-amylase Cdomain. We determined the crystal structure of BEI at a resolution of 1.9 Å by molecular replacement using the Escherichia coli glycogen BE as a search model. Despite three modular structures, BEI is roughly ellipsoidal in shape with two globular domains that form a prominent groove which is proposed to serve as the α-polyglucanbinding site. Amino acid residues Asp344 and Glu399, which are postulated to play an essential role in catalysis as a nucleophile and a general acid/base, respectively, are located at a central cleft in the groove. Moreover, structural comparison revealed that in BEI, extended loop structures cause a narrowing of the substratebinding site, whereas shortened loop structures make a larger space at the corresponding subsite in the Klebsiella pneumoniae pullulanase. This structural difference might be attributed to distinct catalytic reactions, transglycosylation and hydrolysis, respectively, by BEI and pullulanase.
Introduction
Branching enzyme (BE) is the sole enzyme that catalyzes the formation of branch points by cleaving the α-1,4 linkage in polyglucans and reattaching the chain via an α-1,6-glucan linkage. Hence, the enzyme plays an important role in the biosynthesis of starch in plants and of glycogen in animals and bacteria. To date, a large number of BEs have been identified in a variety of organisms and characterized in terms of biochemical and genetic properties. Starch BE (SBE)-deficient mutations are known to alter the morphology and physical behavior of endosperm starch granules (Nishi et al. 2001; Nakamura 2002; Satoh et al. 2003; Li et al. 2007) , and mutations in glycogen BE (GBE) genes cause an accumulation of insoluble glycogen in the cells, which is known as glycogen storage disease type IV (Moses and Parvari 2002; Assereto et al. 2007) . BEs are classified into glycoside hydrolase (GH) family 13 of the CAZy classification (Cantarel et al. 2009 ) on the basis of similarity in amino acid sequence, typified by α-amylase and related enzymes, such as isoamylase, cyclodextrin glycosyltransferase (CGTase) and pullulanase (Jespersen et al. 1993) .
Biochemical data on the Escherichia coli GBE (EcoGBE) as well as crystal structures of apo-and substrate-bound α-amylase and CGTase have defined amino acid residues involved in catalysis and substrate binding; the key active site residues include Asp335, His340, Arg403, Asp405, Glu458, His525 and Asp526 in the central (β/α) 8 barrel domain in EcoGBE (Brzozowski and Davies 1997; Uitdehaag et al. 2000) . Notably, Asp405 serves as a nucleophile in the reaction, whereas Glu458 is responsible for the protonation and deprotonation necessary on the leaving group and attacking oxygen (Tao et al. 1989; Uitdehaag et al. 1999 ). The threedimensional structure of the N-terminal truncated form of EcoGBE has been analyzed at a resolution of 2.3 Å (Abad et al. 2002) . The enzyme consists of three major domains, an N-terminal seven-stranded β-sandwich domain, a central (β/α) 8 barrel domain and a C-terminal domain, the structures of which are shared by isoamylase (Abad et al. 2002) . The central (β/α) 8 barrel domain contains the active site residues whose position is well conserved in all α-amylases. In addition, the crystal structure of a full-length GBE from Mycobacterium tuberculosis H37Rv (MtuGBE) was recently determined at a resolution of 2.33 Å (Pal et al. 2010) . The enzyme contains four domains: an N1 β-sandwich domain, an N2 β-sandwich domain, a central (β/α) 8 domain that houses the catalytic site and a C-terminal β-sandwich domain. The catalytic active site containing seven residues superimposed well with that of other GH13 family members. Although structural information has been accumulated for bacterial GBEs and a catalytic mechanism has been discussed at the atomic level, very few studies on SBEs have been pursued at this level so far.
A large number of SBEs have been identified in a variety of plants, including cereal endosperms, pea embryos and potato tubers, and characterized in terms of biochemical and genetic properties (for a review, see Nakamura 2002) . These studies classified SBEs primarily into two groups, historically designated as branching enzyme I (BEI) and BEII in cereals or type B and type A in legumes and tubers. In rice endosperm, there are three isozymes of BEs, BEI, BEIIa and BEIIb, which are encoded by distinct genes (Nakamura 2002) . It is known that BEI and BEIIb are specifically expressed in the endosperm (Yamanouchi and Nakamura 1992; Mizuno et al. 1993) , whereas BEIIa is present in every tissue (Yamanouchi and Nakamura 1992; Mizuno et al. 2001) , suggesting a distinct physiological role in rice. Satoh and co-workers isolated starch mutants of rice lacking three individual isozymes in the endosperm (Nishi et al. 2001; Satoh et al. 2003) . Biochemical analyses of deficient mutants revealed that a reduction in BEIIb leads to a specific decrease in short chains with a degree of polymerization (DP) of <13, with the greatest decrease in chains of DP8-11 (Nishi et al. 2001) , whereas a lack of BEI led to the synthesis of amylopectin containing fewer medium-sized (16 < DP < 23) and long (DP > 37) chains (Satoh et al. 2003) . In contrast, the BEIIa-deficient mutant exhibited no significant change in the amylopectin chain. These results strongly suggest that BEI predominantly transfers less branched, longer chains with a DP of >10, whereas BEIIb mainly transfers highly branched, shorter glucan chains of DP 3-9.
Previously, we overproduced BEI in E. coli cells and characterized the recombinant BEI with respect to biochemical and crystallographic properties (Vu et al. 2008) . BEI preferentially catalyzes the transfer of chains of 7-12 and 27-37 glucose units. Similar results were reported for the rice BEI, where after incubation and subsequent debranching with isoamylase, major populations of chains of around DP 10-12 and 29-31 were found (Nakamura et al. 2010) . Site-directed mutations of Tyr235, Asp270, His275, Arg342, Asp344, Glu399 and His467 conserved in the α-amylase family drastically reduced the catalytic activity of BEI, suggesting that BEI acts in a manner similar to other α-amylases (Vu et al. 2008) . Furthermore, crystals of BEI were grown and diffracted to a resolution of 3.0 Å on a synchrotron X-ray source (Vu et al. 2008) . To gain further insight into the structure-function relationship of SBEs in rice, we determined the crystal structure of BEI at a resolution of 1.9 Å with molecular replacement using EcoGBE as a search model. The crystal structure of BEI presented here provides important insight into the structural implications for catalytic activity and substrate binding.
Results and discussion
BEI is initially synthesized as an 820-residue precursor, and then, the N-terminal leader sequence (65 residues) necessary for transport into the amyloplast is processed, giving rise to a mature BEI (Mizuno et al. 1993) . The mature BEI consists of 755 amino acid residues whose catalytic domain belongs to family GH13 of the CAZy classification on the basis of similarity in amino acid sequence (Cantarel et al. 2009 ). The carbohydrate active enzymes are frequently characterized by a complex multidomain architecture in which the catalytic module is appended to several carbohydrate-binding domains (CBMs) as well as many domains of unknown function (Rodriguez-Sanoja et al. 2005) . The sequence of the mature BEI indeed indicated a modular architecture, consisting of carbohydrate-binding module 48 (CBM48; residues 59-160), the central (β/α) 8 catalytic module GH13_8 (residues 161-587) and an α-amylase C-domain (residues 588-702), where GH13_8 indicates a CAZy GH13 domain subclassified into subfamily 8 ( Figure 1A ).
Structural determination and refinement
The BE core domain, referred to as BEI 4C , encompassing residues 1-702, was obtained by limited tryptic digestion, as described in Materials and methods. BEI 4C crystallized in space group P2 1 with unit cell dimensions a = 43.89 Å, b = 114.85 Å, c = 66.82 Å, β = 93.98°. The structure was solved and phases were improved with the program REFMAC5. Final X-ray data and structural refinement statistics are given in Table I . The refined model of BEI 4C contains 675 of 702 amino acid residues, having an R cryst of 17.4% and R free of 21.5% for data between a resolution of 50.0 and 2.0 Å. The electron densities of the first five N-terminal residues and eight C-terminal residues were not visible. In addition, the loop regions between Gln469 and Gly473 and between Pro664 and Asn672 have weak density. The model has geometries close to ideal with a root mean-square deviation (rmsd) of 0.023 Å and 1.9°from ideal values for bond lengths and angles, respectively. The stereochemistry of the final model was checked using the program PROCHECK, which indicated that 97.9 and 1.3% of the residues constituting BEI were in the most favored and allowed regions of the Ramachandran plot, respectively.
In addition, BEI was overproduced as a fusion protein with a glutathione S-transferase (GST) sequence as its N-terminus. The cleaved protein, designated BEI full hereafter, crystallized in space group P2 1 with the unit cell dimensions a = 43.07 Å, b = 124.85 Å, c = 67.88 Å, β = 97.29°. The crystal structure was solved by molecular replacement using the BEI 4C coordinates as a search model. The structure was refined to an R cryst of 13.5% and an R free of 18.6% for the data between 21.1 and 1.9 Å. The refined structure contains residues 7-699. No electron density was visible for the first 6 N-terminal residues or 56 C-terminal residues. Although there is sufficient Crystal structure of the rice branching enzyme I space in the packing for the C-terminal portion to be accommodated, attempts to model this portion did not give any meaningful results. Since the BEI full crystals were grown in 6 months as described in Materials and methods, it is likely that this portion is partly cleaved-off in solution.
Unlike for BEI 4C , electron density for the loop region between Gln469 and Gly473 in BEI full was clearly seen so that the putative active-site residues, such as His467 and Asp468, could be unambiguously modeled, as described in Active site residues. It should be noted that extra electron density was observed in this region in the BEI full crystal (Figure 2 ). Although the molecule attributed to the extra electron density could not be assigned, it could be assumed that the binding might stabilize the conformation of the loop between Gln469 and Gly473 in BEI full . The coordinates of BEI full have an rmsd of 0.007 Å for bond lengths and 1.0°for bond angles from standard values. When the structure was checked using the program PROCHECK, 97.1% of the non-glycine and nonproline residues fell in the most favored regions and 2.5% in the additional allowed region of the Ramachandran plot.
Structure description
By a combination of structural analyses of BEI 4C and BEI full , the crystal structure of BEI was determined at 1.9 Å resolution. Figure 1B shows the overall structure of BEI. Secondary structural elements as defined by the DSSP program (Kabsch and Sander 1983) are given in Supplementary data, Figure S1 . In spite of the three distinct structural modules, there is no clear division into topologically separate domains. Rather, the BEI structure appears to be roughly ellipsoidal in shape with two globular domains. A striking structural feature is a prominent groove that traverses one face of the molecule ( Figure 1C ), which is proposed to serve as a substrate-binding site, as discussed in Active site residues.
The amino acid residues (residues 1-58) in the N-terminal region, which has no known sequence motif, fold into α-helical structures (α1-α3). The consecutive α-helices form a hydrophobic cluster with α-helical segments (α6 and α7) occurring at one edge of the central (β/α) 8 catalytic domain. The polypeptide chain enters the CBM48 domain, having the β-sandwich fold common to starch-binding proteins (Sorimachi et al. 1996; Boraston et al. 2006) . Strands β1, β2 and β4 form one sheet and β3 and β5-β7 form another. This domain makes tight contact with the other edge of the central (β/α) 8 catalytic domain. The CBM48 domain is linked to the central (β/α) 8 domain (residues 182-581) by an extended loop structure (residues 160-181). The central (β/α) 8 domain forms a typical (β/α) 8 barrel in which eight pairs of alternating β-strands and α-helices roll up to form an inner barrel of eight parallel β-strands (β8-β15) surrounded by an outer barrel of eight parallel α helices (α4-α11). The inner barrel of the parallel β-strands forms the bottom of the groove, and the rim of each side of the groove is formed by the outer barrel of the parallel α-helical segments which are extensively stabilized by the N-terminal α-helices (α1-α3) on one side and the α-amylase C-domain on the other side, forming hydrophobic clusters. The amino acid residues at the α-amylase C-domain form an antiparallel β-sheet (β16-β22), producing a β-sandwich structure. The two β-sheets of the sandwich are formed by β-strands β16-β18, β20 and β22 and β19 and β21, respectively. As is the case for the N-terminal α-helical segments (α1-α3), the α-amylase C-domain makes tight contact with the α-helical segments (α8-α11) at the other edge of the central (β/α) 8 catalytic domain.
Structural comparison
The structure of BEI was compared with that of MtuGBE [ protein data bank (PDB) ID: 3K1D] as representative of bacterial GBEs. The two proteins possess the same elements of secondary structure, as shown in Supplementary data, Figure S1 , which displays an amino acid sequence alignment of the two proteins and the elements of secondary structure observed from the crystallographic models (Kabsch and Sander 1983; Thompson et al. 1994 ). These two proteins are highly similar in structure despite their low homology in sequence (25% identity; Figure 3) . Overlap of the two molecules yielded an rmsd of 1.85 Å only for 643 common Cα atoms (a VAST score of 45.3). Comparisons between BEI and MtuGBE using only the three modules, CBM48, the α-amylase domain and the α-amylase C-domain, gave an rmsd of 1.79, 1.02 and 1.47 Å, respectively. These values are comparable with the overall rmsd, indicating that the relative position of the three modules in BEI is similar to that in MtuGBE.
Despite the overall similarity, there is a significant difference between BEI and MtuGBE in the N-terminal region, where BEI folds into three consecutive α-helices (α1-α3), while MtuGBE has a β-sandwich domain (N1 domain) in addition to the N-terminal CBM48 domain (N2 domain; Figure 3 ). The CBM48 domain itself is known to have glycogen/starch-binding functions (van Bueren et al. 2007 ) and is believed to determine the length of the carbohydrate branches transferred (Palomo et al. 2009 ). Indeed, truncation of the N-terminal domain (N1 domain) reduced the enzymatic activity of MtuGBE (Pal et al. 2010) . Furthermore, a biochemical study on chimeric forms of maize BEI and BEII suggested that the N-terminus plays a role in the size of the oligosaccharide chain transferred (Kuriki et al. 1997) . Glycogen is more highly branched (every 8-14 glucose residues) than amylopectin (every 24-30 residues). Hence, the structural difference observed in the N-terminal portion of BEI and MtuGBE might be attributable to a difference in substrate.
The search with the VAST server revealed that BEI has a similar structure to the α-amylase family, with the highest degree of structural similarity to isoamylase (PDB ID: 1BF2) from Pseudomonas amyloderamosa (Katsuya et al. 1998 ) and pullulanase (PDB ID: 2FGZ) from Klebsiella pneumoniae (Mikami et al. 2006 ) with VAST scores of 47.2 and 43.9, respectively. Both isoamylase and pullulanase are starchdebranching enzymes which catalyze the hydrolysis of the α-1,6-glycosidic linkage. Hence, the strong similarity between BE1 and the two debranching enzymes suggests that hydrolysis and transglycosylation at an α-1,6-glucan linkage during starch biosynthesis are catalyzed in a similar manner. 
where I is the intensity measurement for a given reflection and kIl is the average intensity for multiple measurements of this reflection.
where F obs and F cal are observed and calculated structure factor amplitudes. d The R free value was calculated for R cryst , using only an unrefined randomly chosen subset of reflection data (5%).
Crystal structure of the rice branching enzyme I Active site residues It was reported that all members of the α-amylase family have an overall negatively charged surface which plays a crucial role in the binding of substrates (Abad et al. 2002) . The concave surface of the central groove contains the mostly negatively charged residues, suggesting that the central groove serves as a catalytic site and a substrate-binding site in BEI ( Figure 4A ). Biochemical and structural data on the GH13 family have defined amino acid residues involved in catalysis and binding; the key active site residues include Asp335, His340, Arg403, Asp405, Glu458, His525 and Asp526 in the central (β/α) 8 barrel domain in EcoGBE (Svensson 1994; Brzozowski and Davies 1997; Uitdehaag et al. 2000; MacGregor et al. 2001 ). All catalytic residues in EcoGBE are completely conserved in the primary structure of BEI as Tyr235, Asp270, His275, Arg342, Asp344, Glu399 and His467. These residues well superimpose with the corresponding residues in EcoGBE, lying at the molecular surface of the central cleft in the groove ( Figure 4B ). The site-directed mutagenesis of BEI showed that mutants in which His275, Asp344, Glu399 and His467 were individually replaced by Ala were virtually inactive against amylose (Vu et al. 2008) . It is thus likely that Asp344 and Glu399 serve as a nucleophile and a general acid/base catalyst, respectively, and that His275 and His467 are involved in transition-state stabilization in the catalytic reaction, as the corresponding residues do in other α-amylase enzymes (Kumar 2010) . The GH13 family has several subsites to accommodate monomeric units of polysaccharide substrates; the subsites from −2 to +2 are the most critical for catalytic activity (Kumar 2010) . The X-ray structure of the K. pneumoniae pullulanase in complex with maltotetraose revealed that the enzyme has bound two maltotetraoses that are almost parallel and interact with each other in the active site and implicated several amino acid residues in the subsites from +3 to −4 (Mikami et al. 2006) . Hence, the two maltotetraoses in the complex with the K. pneumoniae pullulanase were modeled into the binding site of BEI by overlaying the conserved catalytic residues in the K. pneumoniae pullulanase and BEI. Apparently, steric collisions were observed particularly at terminal glucoses, as shown in Figure 5 , and hence, significant rotation and repositioning of the sugar chain would be required for the actual binding of the substrate in BEI. Nevertheless, this modeling provided some information about how BEI recognizes polysaccharides containing α-1,4 as well as α-1,6 linkages. Thus, the highly conserved residues, Tyr235, Asp270, His275, Arg342, Asp344, Glu399 and His467, lie around subsites −1 and +1, and particularly, putative catalytic residues, Asp344 and Glu399, are located in close proximity to a glycosidic linkage between −1 and +1, further supporting their crucial role in the catalysis.
In contrast, amino acid residues located at other subsites in BEI are not conserved at the corresponding subsites in pullulanase. For instance, two pairs of aromatic residues, Trp557 and Tyr892 and Trp708 and Phe746, are assigned as building blocks constituting subsites −2 and +2, respectively, in pullulanase, but BEI has no corresponding aromatic residues except for Phe233 at subsite −2. Instead, Trp309 and Phe233, together with Tyr235, were proposed to help fix and orient the substrate at subsites −1 and +1 via an aromatic stacking interaction. The variability of amino acids in the BEI and K. pneumoniae pullulanase subsites is consistent with the notion that neither the number nor the nature of residues making up the −2, +1 and +2 subsites is conserved in the GH13 family (Kumar 2010) .
Moreover, a comparison of X-ray structures revealed a significant difference between BEI and K. pneumoniae pullulanase in their subsites. In BEI, extended loop structures (β10/ α6 and β14/α10) between β10 and α6 and between β14 and α10, respectively, protrude from both side walls into the putative substrate-binding groove thereby specifically narrowing subsites −1 and +1, whereas shortened loop structures make a larger space at the corresponding subsite in the K. pneumoniae pullulanase ( Figure 5) . Although a full understanding of the structural basis for the catalytic reaction will require further study of the crystal structure of BEI in complexes with (Nicholls et al. 1991) . The surface potential is displayed as a color gradient from red (negative) to blue ( positive). (B) Superposition of amino acid residues involved in the enzymatic activity of BEI and EcoGBE. The figure shows a stereo view of the conformation of amino acid side chains involved in the enzymatic activity of BEI (green) and EcoGBE (yellow). The structure of EcoGBE (PDB ID: 1M7X) was cited from Abad et al. (2002) . The color version of this figure is available online.
Crystal structure of the rice branching enzyme I suitable oligosaccharides, the structural feature observed here might be attributed to distinct catalytic reactions, transglycosylation and hydrolysis, respectively, by BEs and pullulanase.
Materials and methods
Materials pET-22b (Novagen, Darmstadt, Germany) and pGEX-4T-3 (GE Healthcare, NJ, USA) were used as the plasmid vectors, and E. coli strain BL21 (DE3) Codon Plus RIL was used as a host for expression. Restriction enzymes were purchased from MBI Fermentas. Ex Taq-DNA polymerase and the DNA ligation kit were obtained from Takara Bio (Shiga, Japan). All other chemicals were of analytical grade for biochemical use.
Preparation of proteins
The recombinant BEI was prepared using pET-22b as an expression vector, as described previously (Vu et al. 2008 ). In addition, cDNA encoding the mature BEI (755 amino acids) was inserted into pGEX-4T-3, and expression was induced with 0.1 mM isopropyl-1-thio-β-D-galactopyranoside in E. coli BL21 (DE3). The GST-fused BEI was purified with a Glutathione Sepharose 4B column. GST was cleaved at 4°C overnight with 1:10,000 thrombin (Sigma, St. Louis, MO, USA), leaving two extra residues at the N-terminus (Gly-Ser). The cleaved product, designated BEI full , was purified using Glutathione Sepharose 4B, followed by a Superdex 200 column equilibrated with 50 mM Tris-HCl, pH 7.5, containing 100 mM NaCl and 1 mM β-ME. Unexpectedly, BEI full exhibited reduced enzymatic activity when compared with the recombinant BEI prepared using pET-22b when evaluated by the iodine-staining assay (Supplementary data, Figure S2 ). This was assumed to be due to the accidental binding of an unknown molecule to a substrate-binding site, as described in Structural determination and refinement. The purified protein was concentrated to 20 mg/mL for crystallization trials.
BE activity assay
Enzymatic activity was analyzed with the iodine staining assay, based on monitoring of the decrease in absorbance of the glucan-iodine complex resulting from the branching of a substrate (Takata et al. 1994 ). The substrate solution was pneumoniae pullulanase (gray), where the enzyme has bound two maltotetraoses that are almost parallel and interact with each other in the active site (Mikami et al. 2006) . Several residues identified as building blocks of the subsites are shown in gray below. The catalytic residues, Asp677 and Glu706, are highlighted in red. On the basis of the crystal structure of the pullulanase in a complex with maltotetraose, the two maltotetraoses were modeled at the surface of the substrate-binding site (green) of BEI by overlaying the residues conserved in BEI and the pullulanase. The amino acid side chains corresponding to those in the K. pneumoniae pullulanase are shown in green below. The possible catalytic residues, Asp344 and Glu399, corresponding to Asp677 and Glu706 in the pullulanase, are shown in red. The extended loop structures, β10/α6 and β14/α10, unique to BEI are marked. The color version of this figure is available online.
0.1% (w/v) amylose (Sigma, St. Louis, MO, USA) dissolved in 10% dimethylsulfoxide and 100 mM Tris-HCl, pH 7.5. The reaction was initiated by addition of an appropriate amount of BEI. Incubations were performed at 30°C, and aliquots were withdrawn at several intervals between 1 and 10 min after the addition of BEI and reactions terminated by addition of 1 mL of iodine solution. The iodine reagent was made daily from 0.2 mL of stock solution (0.26 g of I2 and 2.6 g of KI in 10 mL of water) mixed with 0.2 mL of 1 N HCl and diluted to 52 mL. The absorbance was determined at 660 nm for the reaction mixtures containing amylose as a substrate. Analysis of the chain length distribution of debranched α-polysaccharides was performed, as described previously (Nakamura et al. 2010 ) using the P/ACE MDQ Carbohydrate System (Beckman Coulter, Fullerton, CA, USA).
Crystallization and data collection
The protein BEI was crystallized as described (Vu et al. 2008) . Although the crystals diffracted up to a resolution of 3.0 Å and crystallographic properties were characterized, the structure could not be solved. To obtain crystals suitable for an X-ray analysis, the purified BEI was digested using trypsin with an enzyme to substrate ratio of 1:1000 at room temperature for 1 h. The resulting digests were purified on a benzamidine Sepharose column (GE, Healthcare, Uppsala, Sweden) and by gel filtration on a Superdex 200 column (GE Healthcare, Uppsala, Sweden). The purified fragment was characterized by N-terminal sequencing (Shimadzu PPSQ-31A) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Shimadzu AXIMA-CFR plus). The results indicated that trypsin specifically cleaved at a single peptide bond between Arg702 and Gly703 in the C-terminal region. The BE core domain, referred to as BEI 4C , encompassing residues 1-702, was characterized with respect to enzymatic activity. An assay using iodine staining indicated that BEI 4C retained full enzymatic activity comparable with that of native BEI (Supplementary data, Figure S2) . Furthermore, the distribution of the chain lengths of the debranched products indicated that BEI 4C preferentially catalyzes the transfer of chains of 8-12 and 27-39 glucose units to the same extent as native BEI (Supplementary data, Figure S3 ; Vu et al. 2008 ). These results indicated that the important functions of BEI are unaffected by the C-terminal truncation. The BEI 4C was concentrated to 10 mg of 50 mM Tris-HCl, pH 7.5, containing 0.1 M NaCl. Crystallization attempts were made with the sitting-drop vapor diffusion method at 20°C using crystal screen kits (Hampton research), including polyethylene glycol (PEG) ION-1 and -2, Index, Crystal Screen-1 and -2 and Wizard-1 and -2, as reservoir solutions. Each drop was formed by mixing equal volumes (0.2:0.2 μL) of protein and reservoir solution. The crystals were grown under several different conditions; the crystals suitable for X-ray analysis were grown in 1 week with 50 mM potassium phosphate monobasic and 20% (w/v) PEG 8000.
Other crystals were obtained from BEI full prepared using the expression vector pGEX-4T-3. The full-length BEI full was crystallized after 6 months with 2% (w/v) tacsimate, 0.1 M HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid), pH 7.5, and 20% (w/v) PEG 3350. For the crystal structural analysis, a data set was collected using synchrotron radiation at beamline BL38B1 of SPring-8 under cryogenic conditions with crystals soaked in a cryoprotectant solution containing 30% glycerol and cooled to 100 K in a nitrogen gas stream. The diffraction data were processed using HKL2000 (Otwinowski and Minor 1997) 
Structural determination
The crystal structure of BEI 4C was solved by molecular replacement with the program Phaser (McCoy et al. 2007 ) using EcoGBE (PDB ID: 1M7X; Abad et al. 2002 ) as a search model. Then, the structure of BEI full was solved by molecular replacement using the coordinates of BEI 4C as a search model with the program MOLREP (Teplyakov 1997 ). An initial model was built using ARP/wARP (Morris et al. 2003) and Buccaneer (Cowtan 2006) , and a manual fitting to the electron density maps was performed using Coot (Emsley and Cowtan 2004 ). The refinement procedures were carried out with REFMAC5 (Murshudov et al. 1997) . The stereochemical quality of the final model was assessed by PROCHECK (Laskowski et al. 1993) . The crystallographic parameters and final refinement statistics are summarized in Table I . Figures were prepared using PyMol (http://pymol.sourceforge.net). The atomic coordinates of BEI 4C and BEI full have been deposited in the PDB with the accession codes 3AMK and 3AML, respectively. GBE, glycogen-branching enzyme; GH, glycoside hydrolase; GST, glutathione S-transferase; HEPES, (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid); MtuGBE, Mycobacterium tuberculosis GBE; PDB, protein data bank; PEG, polyethylene glycol; rmsd, root-mean-square deviation; SBE, starch-branching enzyme.
